Abstract. In nature, mountains can grow and remain as localized tectonic features over long periods of time (> 10 m.y.). By contrast, according to current knowledge of lithospheric rheology and neglecting surface processes, any intracontinental range with a width that exceeds that which can be supported by the strength of the lithosphere should collapse within a few tens of millions of years. For example, assuming a quartz-dominated crustal rheology, the relief of a range initially 3 km high and 300-400 km wide is reduced by half in about 15 m.y. as a result of lateral spreading of its crustal root. We suggest that surface processes might actually prevent such a "subsurface collapse." Removal of material from topographic heights and deposition in the foreland oppose spreading of the crustal root and could eventually drive a net influx of material toward the orogeny. We performed a set of numerical experiments in order to validate this hypothesis. A section of a lithosphere, with a brittle-elasto-ductile rheology, initially loaded by a mountain range is submitted to horizontal shortening and to surface processes. If erosion is intense, material is removed more rapidly than it can be supplied by crustal thickening below the range, and the topography is rapidly smoothed. For example, a feature 3 km high and 300-400 km wide is halved in height in about 15 m.y. for an erosion coefficient k -10 3 m2/yr (the erosion rate is of the order of a few 0.1 mm/yr). This regime might be called "erosional collapse." If erosion is not active enough, the crustal root spreads out laterally and "subsurface collapse" occurs. In the third intermediate regime, removal of the material by erosion is dynamically compensated by isostatic rebound and inward flow in the lower crust so that the range can grow. In this "mountain growth" regime the range evolves toward a characteristic graded shape that primarily depends on the erosion law. The erosion rate may be high (e.g., 0.5-0.9 mm/yr), close to the rate of tectonic uplift (e.g., 0.7-1.1 mm/yr), and few times higher than the rate of topographic uplift (0.15-0.2 mm/yr). These experiments show that surface processes can favor localized crustal shortening and participate in the development of an intracontinental mountain. Surface processes must therefore be taken into account in the interpretation and modeling of long-term deformation of continental lithosphere. Conversely, the mechanical response of the lithosphere must be accounted for when large-scale topographic features are interpreted and modeled in terms of geomorphologic processes.
been inferred from gravity modeling ] and seismic anisotropy [Makeyeva, 1992; Roecker et al., 1993 ], but we contend that it might not be the key factor. Our point is that coupling between surface processes and flow in the lower crust could provide an alternative and general explanation. In this paper we first show that surface and tectonic processes are not independent processes and that they can interact. We suggest in particular that advection of material at the Earth's surface and horizontal flow in the crust might be coupled and that this coupling could permit mountain growth in response to horizontal shortening. This mechanism is then validated and investigated on the basis of numerical experiments in which the evolution of an already mature mountain range is modeled. The model accounts for the rheological layering of the lithosphere and for surface processes. We find that depending of the erosion rate compared to horizontal shortening, flow in the lower crust can be "outward" (from under the high topography) or "inward" (toward the crustal root of a high topography). When inward flow occurs, a mountain range can grow and no other mechanism is required to explain localized uplift. Some implications about the role of climate on continental tectonics and on the geomorphology of mountain ranges are then derived.
Interplays Between Surface and Tectonic Processes Tectonic Forcing on Surface Processes
Topographic contrasts are required to set up erosion and sedimentation processes. Tectonics is therefore a forcing factor of surface processes. Following Ahnert [1970] and Pinet and Souriau [1988] , Summerfield and Hulton [1994] have recently compiled rates of denudation at the scale of major river basins. These studies indicate that denudation is primarily influenced by basin topography so that rates of denudation appear to be systematically high in areas of active tectonic uplift. Common Isostasy provides an immediate mechanism that should link subsurface and surface processes. Redistribution of surface loads by erosion and sedimentation must induce tectonic deformation to maintain isostatic balance. Vertical uplift is expected to partly compensate unloading in the area subjected to denudation, while subsidence should occur in response to loading by sedimentation. This feedback mechanism may lead to some coupling between denudation and tectonic uplift [e.g., Ahnert, 1970] . A first consequence is that the time needed to erode a topographic relief must take into account removal of the topographic relief and of the crustal root. If local isostasy is assumed and if horizontal strains are neglected, denudation is dynamically compensated by uplift, and the characteristic time of decay of the topography would then be of the order of 10 m.y. [Leeder, 1991] . It has been argued that some kind of positive feedback may then arise [Molnar and England, 1990 ; Masek et al., 1994] . If the slopes of valleys steepen during river incision, isostatic readjustment following denudation in a mountain range may result in a net uplift of the higher summits in spite of the average lowering of reliefs. Erosion might thus induce some uplift of topographic summits, leading in turn to enhanced erosion. A rapid uplift of the Himalayan belt during the last few million years may have resulted from this process [Burbank, 1992] . Note, however, that while the peaks might reach higher elevations following isostatic adjustment, the net effect of erosion in that mode is crustal thinning. Thus this effect does not seem to be a fundamental ingredient in mountain-building processes.
Coupling Between Surface Processes and Horizontal Strains
As mentioned in the introduction, small lateral variations of the crustal thickness should drive horizontal flow in the lower crust. Some studies have already pointed out the importance of such a process in continental tectonics [e.g., Lobkovsky, 1988; Lobkovsky and Kerchman, 1991] . For example, Kruse et al. [1991] have shown that horizontal flow in the lower crust has regulated isostatic equilibrium during extension in the Basin and Range. The lower crust would have been extruded from under the high topography during that process. Following Westaway [1994] , this sense of flow is called "outward." On the other hand, Gregory and Chase [1994] inferred "inward" flow, toward the crustal root, during the Laramide orogeny of the Frontal Range, Colorado. The characteristic time associated with flow in the lower crust, induced by the topography of a range of a few thousand meters high a few hundred kilometers wide, is of the order of a few million years. The characteristic times of erosional decay of the topography of a range and of lateral collapse of a crustal root are thus of the same order of magnitude. Since both processes are driven by topographic slopes, some coupling may arise. Although it is not often pointed out, it has long been recognized that this kind of process might play a major role in elevation changes within continents (see Westaway [1994] for an review of historical development of these ideas). Westaway [1994] made a case for such a coupling, with inward flow, in the context of extensional tectonics in western Turkey. He proposed that sediment loading in the sedimentary basins would have driven flow toward the uplifted area. This kind of process was first modeled by King and Ellis [1990] , who modeled crustal extension using a thin elastic plate (upper crust) overlying an inviscid fluid (lower crust).
We propose that this kind of coupling might also appear in a compressional context. Let us consider a portion of a lithosphere, loaded with some initial range in regional isostatic balance and submitted to horizontal compression (Figure 2a) . Because a thicker crust and bending stresses tend to reduce the strength of the lithosphere [Burov and Diament, 1995; Ranalli, 1994 ], the lithosphere is weaker beneath the range. At the same time, the stresses resulting from the slopes of the topography and of the Moho should drive horizontal flow in the lower crust beneath the high topography. In the absence of horizontal shortening and erosion the lower crust below the range would be extruded laterally, as discussed by Bird [1991] (Figure 2a ). Our point is that if erosion takes place, a regime may be established in which horizontal shortening could be preferentially accommodated by crustal thickening in the area below the range (Figure 2b ). Surface processes remove material from the range and feed the adjacent flexural basins, inducing isostatic imbalance. This imbalance produces in turn a temporary excess of normal stress below the foreland basins and a deficit below the range, favoring flow in the lower crust toward the crustal root. Ultimately, this coupled regime might lead to some dynamic equilibrium in which the amount of material removed by erosion would balance the material supplied to the range by subsurface deformation.
Modeling: Principles and Numerical Implementation
We developed a model in order to validate the coupled regime described in the previous section. For this purpose the model has to account for (1) surface processes, (2) the effect of topographic loads and of variations of crustal thickness on the mechanical behavior of the lithosphere, and (3) ductile flow in the crust. Therefore we have had to consider a depth and strain dependent theology of the lithosphere. In this section we propose some approximations and a numerical procedure to account for these basic properties. The resulting model allows computation of the deformation of a two-dimensional section of continental lithosphere subject to horizontal compression and to surface processes.
Surface Processes
We looked for a simple two-dimensional law that could topography, results in uplift due to isostatic rebound. Sedimentation, which transports eroded material to the lowlands, produces increased subsidence due to the increased load. Unloading beneath the range and loading beneath the piedmonts may thus force the lower crust to flow toward the mountain root. As a result, topographic uplift may be localized below the range, and the range can grow rather than spread laterally. 
This model of surface processes holds only for particular conditions. The regolith must form more rapidly than it is removed by surface transport, and slopes must not exceed the frictional angle of the material. Even for scarps formed in loose alluvium some complications arise when high scarps are con- . We did not apply the diffusion model to the whole system, however. We felt that we should take into account the major discontinuity in surface processes that occurs at the mountain front. As a river emerges into the adjacent basin, its gradient is sharply reduced and deposition occurs. The streams shift from side to side and build up alluvial fans that tend to form a broad gently sloping pediment at the base of the mountain range. In addition, a lateral drainage often develops along the foothills of mountain ranges (for example, the Gange along the Himalayas, the Parana along the Andes, or the Tarim along the Tien Shan). Altogether the formation of the pediment and lateral drainage tend to maintain gentle slopes in the foreland. There is therefore a sharp contrast between river incision that maintains a rugged topography with steep slopes in the mountain range and widespread deposition of alluvium in the foreland. This discontinuity of processes must be considered to model the sharp break in slope at the mountain front that is generally observed on topographic profiles across mountain belts (Figure lb) . In order to simulate this major change in surface processes, sedimentation in the lowland is modeled assuming "flat deposition": mass is conserved along the section and the sediment at the mountain front is distributed in order to maintain a flat horizontal topography in the foreland. We arbitrarily set the change from diffusional erosion to flat deposition at an elevation of 500 m.
We considered values for k varying between 103 and 10 4 m2/yr that yield denudation rates of the order of a few tenths 
The values of the parameters are given in Table 1 See equation ( Although ductile deformation occurs even under low differential stresses, a ductile yield strength can be defined. If boundary conditions are given in terms of rate of displacement, a average strain rate can be derived. This "basic" strain rate is used to define a stress threshold from (7). Owing to the nonlinearity in (7), if the stress is slightly less than this level, ductile deformation will process very slowly so that most of the imposed deformation will be absorbed elastically. For example, for olivine the strain rate decreases by a factor of 1000 if the stress lies 10-15% below the "threshold" level. On the other hand, the stress level cannot significantly exceed this threshold since it would require a strain rate much higher that the one that is imposed from boundary conditions. This threshold thus defines a ductile yield strength. A temperature about 250 ø-300øC must be exceeded for ductile deformation of quartz, whereas for olivine it should be 600ø- 
where left-hand sides are input and right-hand sides are output and BC and IC refer to boundary and initial conditions, respectively. Notation (k) implies that related value is used on kth numerical step. Notation (k -1) implies that the value is taken as a predictor from the previous time step. Notation (k + 1 ) means that the corrected value will be used in the next step. All variables are defined in the notation section.
The following continuity conditions are satisfied at the interfaces between the competent layers and the ductile crustal 
Experiments and Results

Description of Experiments
We conducted series of experiments in which a 2-D section of a continental lithosphere, loaded with some initial range, is submitted to horizontal shortening (Figure 4) . The shortening rate in the crust is assumed equal to that in the mantle (u• -Urn). Our goal was to validate the coupled regime described in the first section and to check whether it can allow mountain growth. Our purpose was not to explain how some small initial irregularity of the topography might develop into a mountain belt. This question is beyond the scope of this study because fault initiation and propagation were not considered. We only address the problem of the growth and maintenance of a mountain range once it has reached some mature geometry.
We thus consider a 2000-km-long portion of lithosphere loaded by an initial major topographic irregularity. We chose a 300-to 400-km-wide "Gaussian" mountain (a Gaussian curve with variance rr = 100 km). The range has a maximum elevation of 3000 m and is initially regionally compensated. The initial geometry of the Moho was computed according to the flexural response of the competent cores of the crust and upper mantle and neglecting viscous flow in the lower crust [Burov et al., 1990] . In this computation the possibility of internal deformation of the mountain range or of its crustal root is neglected.
The section is then submitted to horizontal shortening at rates (Figure 10a ). Similarly, we may start from a state of "erosional collapse," keep the rate of erosion constant, and gradually increase the rate of shortening. We get that for low shortening rates, erosion can still erase the range topography, but at some critical value of the shortening rate a coupled regime can settle (Figure 10a ). In the coupled regime the lower crust flows toward the crustal root (Figure 10b) , and the resulting flux exceeds the amount of material removed from the range by surface processes. Tectonic uplift below the range exceeds denudation (Figure 10c ) so that the elevation of the crest increases with time ( Figure 10d ). In this "mountain growth" regime the distribution of deformation remains heterogeneous in the long term. High strains in the lower and upper crust are localized below the range allowing for crustal thickening. The crust in the lowland also thickens owing to sedimentation but at a smaller rate than beneath the range (Figure 10c ). ,..,.o,,o,,,,,,; ,..o.,,,o.,,,. ,. Because of the complex dynamic shown in Figure 11 , very close experiments appear to be labeled differently. Nevertheless, the "mountain growth," "subsurface collapse," and "erosional collapse" domains can be approximately drawn on this plot. Higher strain rates lead to a decrease of the effective viscosity (/•e•, proportional to k•/"•) of the non-Newtonian lower crust so that a more rapid erosion is needed to allow the feedback effect due to surface processes. The mountain growth domain thus corresponds to higher mass diffusivities for higher strain rates (Figure 12 ).
Coupled Regime and Graded Geometries
In the coupled regime the topography of the range can be seen to develop into a nearly parabolic graded geometry (Figure 10a) . This graded form is attained after 2-3 m.y. and reflects some dynamic equilibrium with the topographic rate of uplift being nearly constant over the range (Figure 10c) . Rates of denudation and of tectonic uplift can be seen to be also relatively constant over the range domain (Figure 10c ). Geometries for which the denudation rate is constant over the range are nearly parabolic since they are defined by de/dt = k d2h/dx 2= C2.
with C2 being some constant. Integration of this expression yields a parabolic expression for h:
The graded geometries obtained in the experiment slightly deviate from parabolic curves because they do not exactly correspond to uniform denudation over the range. This simple consideration does, however, suggest that the overall shape of graded geometries is primarily controlled by the erosion law.
We made computations with nonlinear erosion laws (equation (4)). For a given shortening rate, experiments that correspond to similar erosion rates over the range lead to the same evolution ("erosional collapse," "subsurface collapse," or "mountain growth") whatever the erosion law. It thus appears that the emergence of the coupled regime does not depend on a particular erosion law but rather on the intensity of erosion relative to the effective viscosity of the lower crust. By contrast the graded geometries obtained in the mountain growth re- gime strongly depend on the erosion law ( Figure 13 ). The first-order diffusion law leads to triangular ranges, whereas the second-order diffusion leads to plateau-like geometries. It appears that the graded geometry of a range may reflect the macroscopic characteristics of erosion. It might therefore be possible to infer empirical macroscopic laws of erosion from topographic profiles across mountain belts provided that they can be assumed to be graded.
Sensitivity to the Rheology and Structure of the Lower Crust
The experiments shown above have been conducted assuming a quartz rheology for the whole crust that is particularly favorable for channel flow in the lower crust. In order to show that the coupled regime of mountain growth can also occur assuming a less ductile lower crust, we also conducted some experiments assuming more basic lower crustal compositions (diabase, quartz-diorite) ( Table 1) . Even with a relatively strong lower crust the coupled regime allowing for mountain growth can settle (Figure 14) . The effect of a less viscous lower crust is that for a given shortening rate, lower rates of erosion are required to allow for the growth of the initial mountain. The domain defining the "mountain growth" regime in Figure   12 would thus be shifted toward smaller mass diffusivities when a stronger lower crust is considered. The graded shape obtained in this regime does not differ from that obtained with a quartz rheology for the lower crust (Figure 14) . Estimates of the yield strength of the lower crust near the Moho boundary for thermal ages from 0 to 2000 m.y. made by Burov and Diament [1995] suggest that whatever rheology is considered, a crust thicker than about 40-50 km implies a low-viscosity channel in the lower crust. The regime that we have evidenced in 
Conclusions and Implications
This study demonstrates that denudation could exert some control on the development of an intracontinental mountain belt. Depending on the intensity of the surface processes, horizontal compression of a 2-D section of continental lithosphere with some initial topographic irregularity can lead either to strain localization below a growing range or to distributed thickening. Homogeneous thickening occurs when erosion is either too strong, in which case any topographic irregularity is rapidly washed out by surface processes, or too weak, in which case the crustal root below the range spreads out laterally with formation of a flat "pancake-shaped" topography. In our modeling, mountain growth results from dynamical coupling between the advection at the surface by surface processes and at 
